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Slip frequency type vector control for brushless doubly-fed machine

XIA Chao-yingt, YU Jia-li, TIAN Cong-ying, HOU Xiao-xin
(School of Electrical and Information Engineering, Tianjin University, Tianjin 300070, China)

Abstract: For a brushless double-fed machine, this paper proposes a slip type vector control strategy. Firstly, we derive
the state space model in arbitrary rotating mt coordinates. On this basis, the designing method of the slip type vector
control strategy is presented. According to the given rotor flux and torque, the given current components and slip of the
control machine can be obtained. Then the rotor flux and total torque can be controlled by the flux current component
and torque current component of the control machine. Simulation results show that the proposed strategy has excellent
tracking performance and adjustment ability, and has robustness to the parameters errors.

Keywords: brushless double-fed machine; unified coordinates; state space model; field orientation; vector control;

slip control

0 53 &

JC Wl X5t B AL (Brushless doubly-fed machine,
BDFM) J& 7E /8B 5 25 R LS Al B e AR SR 1 — Tl e
H b 55 B AR s 28 i s, e B0 1
TR IR, BEAIC T 4E47 A, B9 5 7 R S8 H W] SEVE, [R]
IS It 75 S AR A% 25 B 0/, D 2 R AT i, & H T S8R
LB R ANASHABAI R T T K IR &R G2 3
FR [31 38 1o BE A8 AN S G IR ] 1 BDFM T34 428 1] G 12
W R RS E M, T REAT I . H AT, 5% BDEM I
S TR P B2 1) SR 2 A AR B s )L O B s ] 58
GIRER AT L iy e I AP AT i
HUAE R R H PR BRI 2, AN 2538 HORR Az, A e vE AN
A VERR R RO R . LR R 45 ) A 75 B0
iy 7 5] MV AR R AR e, 45 o) B892 fi B0, of rELATL 25 B0
/N, B A7 A2 B R Dk 51, £ v e R A L I 4 EH TR A%

Uts BHEA: 2017-08-13; 1&[E HHA: 2018-02-08.
HEWE: EE86311%IUiH (2011AA11A259).
FERE: KIER.

fi 7Y, BDEM ) 2K 2 47 il S 3 24T 1 A — il
T3 TR D AR R T, BRI Zh & s bl 7
RGUE T W [ AE SN T R T A€ 1A,
SKHIL RE M B T B AR 2 1, R R SR L, X
HUZ 50 ERAOR P8 8, A 5 380 8 R P R 42 1 ) 25 68
Ty MR T g AR R AR A @I TR S
SE TGS 5E TR BEAT P21, o B ML 2 B AR A, ik
A T R RV R 2 ) A 25 . 22 TR O R o SRS
£ 520 UL B 1R 2 B0 B, B R W BE T34, th
FeIE AN RERE 2 R 15 T, TR AL 2t 1 HL LA 4%
ZEINR N4 A5 T, KOLIE R € 17, RS A
1) SRV TR B T T R RS HRATL PR 45 ) AR 4 i) B
TR0, N I % 22 T AR B AR 1 O vk E RIS R L i
T8, Y, A T 0 I XUt F AL 22 Y AR s )
ARGV, % IR S AP LR E R R B

fEE® M HHE (1958—), 5, #i, LA S0, SHEHIEE D75 R sh &t 7L, T (1990-), &,
A, SRR ] AREL 2 H P A S 4% R A AT 7T

Tl IAA/E#H . E-mail: xiachaoying@126.com.



650 # % 5

A7 SRRV, T 4k T HORER M0 AL A 5
FERE AR 28T, G 42 fl] FATLAR 50 38 B B f 3k 4
IB5EHES T IER U FATL IR 2 2 TR AR AR
B BME R ERE mt MRS RN, 4 ] L T
YysE ). AEULIERE b HES T 22 R O R 1) SR, R
JH 3z 1 FE LG 5 BB IR T 2422 5 2, R T 45 7 e v
AN 5 Wb B REAT A1 B 7 € 7], 3 i T 5 42 ] F LS
T LUl B B AR i 4 B S TR 4 | FUBILF 1
AN L HLEL T A AR T . 07 L SRR W, SR A
A REFHEE. shartae, BxXS8un 2z AA RIFE
PERE.

1 BDFM H ¥ 2R

BDFM #% %1 451 ] 43 e 2 2 B =R BHL
2, Hor G4 X TC AU FL ) B0 A5 R P AR 4 2 1
JC Xt FATLAS 3. ZR IR Rl X5t AL AR 45 4 4n 1 1
FiR, B 6 7% 7ol M P R L U b i
BLIE 2 10 1, PR 6 B2 Sl PR Ry g 26 r LR 4 |
HAL AL, T3 42 L O B A rR R, — A o L AT
Pl Jo AR A A, a8 ik R T T R R/
ARSI R 5 AL 42

FEfIEAL

1 RELERL N BDFM 4544

Ty 22 e HURD 4% 1) FELBIL 1) B 7 SR 20 SAH e EE 4,
%?:*HEEE*DEE%T‘Z]‘EW%E*%?Q%,Eﬂugr =
oty = iy = ity = it i = e,
= —ib,, ﬁﬁuf%%dqiﬁ??ﬁu =ul, ugr =
—ud,, i, = —id., il = il Hludt. i FIRER
e 1 dg A F5 Z T 1 HE R A HL VR 2R &, 491 n o
R TRERERN W = ul + jul., FEH HHL
HBrHERENuY = vl + jul, NH ERRR,
D‘Uﬁudq = (ud0)"; IJJKEEHL%%%%%%%@;I =
i, + jid, WAL T R R B il = il + jid,.,
TL)EHJ:Ji?%?ﬂU%K@M%?Eﬁmuﬁﬁ%%,mﬂﬁ
ide = 41 = —(3d0)" 4 LRI RN B PG Lk KR
HBLIE e 7 fU 5 FE 43 2 BDEM FE 8 - dg A2
S NN 7

yC

xR £34%
ul? = rpgi9 + jppwr (lpsifd + lpmif9)+
a( psipd + lpmig?),
Ul = 1012 + jpowy (lesidd — Ly (i97)7)+ "
37 (lesid = Lom (i59)"),
0= (rpr + 7er)i% + %(lpr + Ly )idi4
S lymitt L (729)"):
WL AR TR A
T = S pyly g2 (180)” — Sl i3t ()
BENTFEA
T, — Ty = Jd(;;’". 3)

(1)~ 3, EAR* RIRILHEZ R, Nhrpy 535
Foon T2 LA ] AL R AR s Flr 29 5l R 8 T
e J R L SR & w, R 1 Bk A 18
J; p RN MUK E 7o 1s 1, 0 B R FBH L LR
H . BDEM ERASIB AT, T LS 7 T oedl i &
72 AR T 2R 6 I 1 A TR R/ INRE S T TR A R
b3, 7R 56 F A bR R R, B S I8 AT I D R B LA A 9%
A R ) L 140 R G A A 2L e A ol B A 4
1] S PR e 2 % . DR, g i 4 ) FLPTL ) 2 - FLR
R EL 38 R B A7 (1 AR 4, R

da o day®

{%— (ute)" “

(=)

RN () 575 20587 1 B A i

udq = rpsz +Jppwr(lpsz a4 lpmz 7)4

&(lpszps + lme )

8 = resicd — jpewr (lested + Lom (i49) ")+

d
O it + Lo (i80)),

0= (rp, + rer)id? +

®)

d
—(lpy + Loy )i+

q dt
e (Uomid + Lo ()
R R AN

3 3
T, = 2pplmemz (qu) fgpclcmlmz (qu) : (6)

BN FEAAE. 25t Bk fur LA e, 76 50 (5) 4
WA H ENU R R KBRS TSR
FELAL 2% B OR AR AR GT e 1, DR AR [) 7 1) T 3, AT
A LAAS BI8: Ok [4T = e 5% AL bs & BDFM [FPIR 7S
23 () F IR, 5 EAE B, LR A E iR E A TR
55 BDFM, H 28 2 (4) (1 47 1 JL B8 AR 46 o S 4
A e RV RT U3 AR ST 7 iR 4 R ko e 2k S0 R B
U BDFM #fi A2 1d H 1.



F 3 AR 1 RIS R ARG H £ A K 1) 651
2 BDFMHPIRZEZ AR e 00 e
FESS WU MR (R R, Ti=] 0 e 0 |, D= i) ﬂﬁ
oA
SE LT A AL T 0 0 e
YA = 1,009 4 1,009, (7) 1.
AR SCHR (141, 7 SCH% I UL X081 W BE A ‘
7 ~ l2m .
e 2
lem102 + 1,079, ®)

A1 = Ly o+ Lor — 12, s 5 Loy SRS AR 24 T
W T2 L E TR RSN T, 2 (5) () (8),
TERE T dg A bR 2R DA 2 UM TR 09 . 22 i iy
WLRE T FEL IR a9 142 1) B L S5 0000 T T 0% MRS
A ik, AT 2 UL 7 HLE wde, Pl e 7 LR
%9 AN, T A B LR 6 R A5 7

&% = A%agdt 4 Bliyde, ©)
Hr
ol =[pd? i T, u =gt al”
A% =
B _Tﬁ s _Tpslpmlcm
lps P Ipsler
lpmlcmrps .pprlpmlcm Tcslislg .
+ Jpewr —
12.M LM 2J,M T
lpmTps . lpm N
+.]p Wr—— 7lcm
- lgs ! ZPS l?)‘;lér
_rpslpm §
lPSZ;:r
Nlcm .pcwrlcm
ST UM |
ps“cr
N
l?)sl/cr
1 0
7lpmlcm 7l</:7r
BY=| [, M M|;
_ZPJ 0

lps
M =102, =l N =12 4 rpl2,.

B AR T dg s R RS TR SRR R
B, B R AAAR 2 I m il 5 5 A bR 2 d
e ) 8 S 11 DA N, R L 2 7, O e e e A A e

wmt — T1$dq7
(10)
u™t = Tyu®

SEK dg AR R E mt AARR FR R AR e, Horp

>

d
2 (EEHERE mt AR ST dg BFREIRI X R
XHEAFE BDFMAE mt AAHR R N RS TN

m-mt :Amtwmt+Bmtumt (11)
Horp
t t “mt Tmt]T t t ~mt1T
xm:[;ns 7’2 cmr]vum:[uzz Uﬁ]a

A™ =T AMT - T =

i 7Aps . o\ Tpslpmlcm
_ps _ L — A _ _ps’pmtem
e P Lpsler
lpmlcmrps .ppwrlpmlcm TCSZIQDSZ;JZT . o\
+ipewr—jAe —
12.M LM 20 M
lpmrps . lpm N
+Jp Wr—— 7lcm
L P, 2,
_Tpslpm i
lpslér
- — Nlcm . .pcwrlcm
PR VI
N .
N
e 0]
B™ =TyBMT; " = BY.
R R T R AR
T, =
3 pplom mtr Tt S Dplpmlem it s ¥
il:j)’ Imwpst( crt) - 5 pl:;l' Imwpst(lcst) -
3pelom . - e
§pz' Tm () it (12)

3 BDFM R ERIR B
VAT B e met AL bR FARYE 5] s L TR
F A
bt = T+ jipt, = e + §O. (13)
e o, o E ML T B U AL, N S o1 R L
I - i e 5 T AT R i D B 2 A K R (1)
e ] WL B 2 ) S 0 R 2 T i 52
i) 5 44 31



652 # % 5

xR #34%

lcmNim

= N - LymT
ch = wcr + ";Z}cr - = Wr;'f'
lzz;slér lzslér l;%e b
lpm t lpm m
lfppw’r’wps + Tupgy (14)
ps ps

Nlem .,

7
r

l m m l mTps l m
lp;ppwrwps + Pl2 L w;g - lp;u;m + 2
)’\C _ ps ps ps ps’c

or

cSs

(15)
2 (15) BUAHE 22 U7 RE, B A SU BDEM 4 22 U R B
il g B, FH B3 € 17 PR AR R (12) T A5
3 pplpmlcm 3 pplpm

Te o bam —a ! ~cr
/I:t _ + 2 lpSZICT wpslcs 2 lpsl/cr /lppSw
o 3 pplpm,lcm m 3 pclcm 7 .
2 lpslér wps 2 l::r ,(/]CT

(16)
2 (14) BT 42 ) WL 1 WG o)., 5 RGO
Z A5 5, 3R (15 I T B2 P X, 5 e, %
FEHIR L, Z M6 R, R A6) KL T AT, 5
HEAR AL, 2 055 R 7E LR 3 Ak, 54 Th
DU L,,,, 90, TUJTT 43 51455

7 / .
@:?”+r7¢m a7
. L. 4t
&:%%§? (18)
. T.
les =~ g (19)
5 [ ¢cr

2 (17) ~ (19) B 57t 20 v L I e 22 70 Ok s il B
i%. PRI, 7T £E BDEM 4% ) o i 48 S o0 LG 22 Y
) O AR S £ ) AL T A B AT O B
P ] AL AR 285 30 B2 A A0 ) 2 A LR AR S WL A
THEE LSS RE AN ZE A0, N K (14) ~ (16) 20531

N
lcmN":m* o n N Tx lpm’rps m
l%slér ch - q/}cr + l%slérqbcr l%s ’¢ps+
l m l m m
%pprw;s + lp;,u’ps7 (20)
ps ps
Ao =
Lym Ly Lym Nlem ., »
lp;ppquﬁps + pl2 £ %t)s - %u;s + 2 ZZS
ps ps ps ps’cr
Ve
2
3 Pplyml - . 3p,l -
T* Q Pptpmbem ¢ =m* 2 Ppipm ¢ *
e TR g T g e
7 = .
s 3]7 l mlcm 3pclcm 7
5 ;DZP I ¢g§ - 5 i w:r
pster cr
(22)

BDFM )% 72 B Rk s3] 5 v an B 3 fir o, i@ i

2 (20), FI F #2801 AL T REBELS 2 4 O, T S48 5
R i 3 (22), B OF L i R g e
T i e R R L, T AT B PLA 5 3R 75,
SRR 1), B it " VR 2 0\ I BRI
6. 44K TS % AN 45 5 FLIRL 43 B HE A BV R PLART 5
AT LR, I AR e B AR R AR R R
ZAE F T3 HLbL.

<ySPWM
e

PWM
2. +p.0, 4 HRAES

— +
. —ICH =
i
L r O,
y W e abe DFM
W | | V| e e

3 BDFM#ZZERNTHIER

HIE 3R e 5 5D LA ZE R R AT L,
BDFM ) % 7 R O B4 i) 6 25025 FE D 38 B AN 2R 48
IR, 3 2 FR TS R XUE5E AL 4 4 A R 1, T vk
G BRBLZAh, A SC I I SRS 4K 7K T 720 LA 22

A E Hs ALY

P AT [ 3 T T 5 P I 0 R 2 2 A, I 5 i ) R e A
TR F2 1) PTG 1 W S AR, AL T RS54
4 fiEGR

AR 38 I 7 B E A B 7 R AR B g ) SR
(A6 B A7 o D 2 HUL EH 220 V /50 Hz (1) HL 5 At
F, 42 o) P AL a3 A 2 A1 H, 305 28 R 10 kHz 1)
SPWM i ], By A 3 FELH 24 300 V.l ik L R FEL AR
RURIN TR B ML TR EERS, A T 5w IR 40 SR 1)
LI R RS SSC I i, SR T — R kMR
TRy 22051 {5 57 BDFM HLHL B 500

R p, = Liry, = L77Q, 7, = 2.97Q
lpm = 0.458 H,1,, = l,, = 0.461H, J = 0.1kg - m?;

BRI p. = 3,70 = 17101, = 3.03Q,
lom = 0.125H, l,s = I, = 0.13H, J = 0.1kg - m2.
4.1 I=HISRBS NS M RELGIE

B SEI6IEAS S H ) BDEM (7 22 74 4 2 45 3
TS I B A TERE AP B MERE. O A N T s
AR, 5 i) AL T R EE 20 7 AE N 0.5 Wb, 5 T3 45 8
7E 1 s B} B 400 r/min 22 2% 34 900 r/min, H ALY 46 B %]
ZIRIBAT, 25 J5 5400 15 N-m f %%, LI BDEM (14751
RN 4 B



FI3H BABE F ALy 5 £ A KB 48 ) 653

0.9 10 25

—
. 0.7¢ il g o _—g* =1
£ 05 2 z
N ol s 6 // <5
4
005 10 15 20 25 30 05 10 15 20 25 30 05 10 15 20 25 30
t/s t/s t/s
(a) = LR TREEE (b) FEIEPTE (c) HHEWIE

30
P flef
~ 10

=30

05 10 15 20 25 3.0
t/s

(d) D EHLE T HRREIE

O s s s s
05 10 15 20 25 3.0

(e) F=EMHIHEHLE T HIR BT

0 N N N N
05 10 15 20 25 30
t/s t/s

(f) ¥t

El4 REFERRGHFEERENIEHINR

H1 P 4 ] s 45 i e ol 9P s, B el I e )
HRR T TS5 T AH, TN B BT 2 T3 BN AR /) 425 1l H
WU ~F TGt S 2 SN 67 28 A SR P B A /N 3
FrPUE K ST 2 45 8 A8 7R BTN, ReE FaE
(4 H e, 2 el S S, S 2 R e A 2, SN
BB I, 36 40 BRI 3 % 15 Nom; 78 5 3% 1 400 r/min
Tt 22 900 r/min 18], FEAL /R [R] 25308 4T %  HE [F) 20
IEAT, BB 4(e) FT A H, $5 1) FELAE e 399 18] P el £ A
J- 3t AR A TE AR (46 HL.

1) HLSE56: 3 B, BDFM % 22 T S g HL AT LT
P e, i d BRER R B £ BN M REAR 5
42 ITHIREEXTSRIRERNEEMINE

TESEBRIZAT FR HEAL S 82 AN 1]k o b i A 4O,
1 F, B 2 o i R A A, T o O VR RN AR B AR A, TR
W6 A 0 T B I 428 1) SR TE F ML 2 500 A I 1 B A
PE. ik, 7 BDEM 8 2 40, fR ¢ 15 S 40hR
AR FE A4 SIS A AT L SRR
FHZ 5508 0 20 %o HLEZ kN 10 o 28 R

10 25
= II’ —a)”j —
g 8 // o E 15
K / z
s 6 / < s
/
4 /I |

05 10 15 20 25 30
t/s

(a) P THLEEETY

30

05 10 15 20 25 3.0

_5 L "
05 1.0 1.5 20 25 30
t/s t/s

(b) FeidPw

(c) ¥

10 MWWWWWWWWWWWMMMMWWMWWW\<

~ 10 w\\w\\w\\\‘h\‘\WM“‘““‘\‘\‘\‘H‘\‘\‘\‘\\‘\w\‘ww\“”‘““”‘”"“‘waw\‘w\\\\ ~

=30

05 10 15 20 25 30
t/s

(d) DhZHENLE TP

0 + + + + J
05 10 15 20 25 3.0
t/s t/s

(e) FEHIHBHLE T HFEIE

O ! ! ! )
05 1.0 15 20 25 3.0

(f) HT oL

El5 SHmERAITHIZR



654

*

R %34%

1 B 5 AT & H: 78 FHL S BA7 7E M 22 I, 5 T
AR I ) A SR AR, DR G 4 R R R B A e A R
WA i R B 1 s P A 3 Ml 22, (EL 7 ] 432 32 L
P, HLAT DA Hh 5 B AR A AE, Y S 80U E A 2
Xt RGE AR T I AT i L.

)7 2L S5 45 526 ], BDFM # 22 142 1) S5 08 o) 2
Ko 2= B RIS, £ S BAE AR ER, R4
RO 24 7 R 07 AR Ko 3 1) R B A AR X SR 3R B Bl
VTR 7, 15 I SR 0 B e I e
5 4 ®»

ACHES T BDEM 1E mit AL AR R T HIIR A& 25 1]
R, B R T 72 20 Ok e A ) SRS, SR I T X H AL
R RV ) 25 R s . 47 L 45 R 3R W, BDFM (1 3% 22
R B A M R A 7, X S 500w 22 B B
P, DA L AR N A A (L

S E 3 fk (References)

(11 #R4%, -7, REE TR OE R E RN

0 Fi R G5 AL L 2 2 R A ) (0], o [ AL R AR,
2009, 29(15): 107-113.
(Yang J H, Lyu H Z, Wu J, et al. Direct torque control
strategy for brushless doubly-fed machines based on
Popov hyperstability theory[J]. Proc of the CSEE, 2009,
29(15): 107-113.)

[2]  NRAL, BEES R, TP S0 R 00U B AL 00 EE A
SO5E (0] o EEHLTRESAR, 2001, 21(12): 33-37.
(Bian S J, He Y K, Pan Z P. Modeling and simulation of
the cascade brushless doubly-fed machine[J]. Proc of the
CSEE, 2001, 21(12): 33-37.)

[3] Poza J, Oarbide E, Roye D, et al. Stability analysis
of a BDFM under open-loop voltage control[C]. 2005
European Conf on Power Electronics and Applications.
Dresden, 2005: 1-10.

(4] #HIBLE, 2, WK A, okl U r AL i) SR s 1
FE 1. H/NESHIBL, 2005, 32(1): 28-32.

(Yang S C, Mai M, Xiang D W. Study on control strategy
for brushless doubly-fed machine[J]. S&M Electric
Machines, 2005, 32(1): 28-32.)

[5] BESFIE, EHERE, BRI, 55 ol XS AL 117
SE [ 42 1) SR B 7S 7). FR T AR 224, 2002, 17(2):
34-39.

(Huang S D, Wang Y N, Huang K Y, et al. Study of the
control strategy on rotor field orientation for brushless

doubly-fed machine[J]. Trans of China Electrotechnical

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

[14]

(15]

Society, 2002, 17(2): 34-39.)

Zhou D, Spee R, Alexander G C. Experimental
evaluation of a rotor flux oriented control algorithm for
brushless doubly-fed machines[J]. IEEE Trans on Power
Electronics, 1997, 12(1): 72-78.

Zhou D, Spee R.

and decoupled control development for doubly-fed

Synchronous frame model
machines[C]. Proc of 1994 Power Electronics Specialists
Conf. Taipei, 1994: 1229-1236.

Shao S, Abdi E, Barati F, et al. Stator-flux-oriented vector
control for brushless doubly fed induction generator[J].
IEEE Trans on Industrial Electronics, 2009, 56(10):
4220-4228.

K R Fe, TRV FE T R TN A ) 0 S R XA R AL
BRI RG] LS I H] 244, 2007, 11(4):
326-330.

(Zhang A L, Zhang Y. Direct torque control for brushless
doubly-fed machine based on torque predict control
strategy[J]. Electric Machines and Control, 2007, 11(4):
326-330.)

MR, X P, WA, A JC R R AL AR
S ELEFE T (0], FR B 5 N, 2011, 28(9):
1195-1201.

(Yang J H, Liu Y T, Xie J F, et al. Direct-torque control of
the brushless double-fed machines based on sliding-mode
variable structure control strategy[J]. Control Theory &
Applications, 2011, 28(9): 1195-1201.)

Sarasola I, Poza J, Rodriguez M A, et al. Direct
torque control design and experimental evaluation for the
brushless doubly fed machine[J]. Energy Conversion and
Management, 2011, 52(2): 1226-1234.

FIRTE, BOBYE. JoR XU A B 37 € 1) B I A5t
Pl (3], v B L TR AER, 2011, 31(30): 132-139.
(Wang LY, Xia C Y. Filed oriented direct feedback control
of cascaded brushless doubly-fed machine[J]. Proc of the
CSEE, 2011, 31(30): 132-139.)

Xia C, Hou X. Study on the static load capacity and
synthetic vector direct torque control of brushless doubly
fed machines[J]. Energies, 2016, 9(11): 1-22.

Xia C, Guo H. Feedback
approach for brushless doubly-fed machine[J]. Int J of

linearization control

Precision Engineering and Manufacturing, 2015, 16(8):
1699-1709.

Hu J, Wu B.New integration algorithms for estimating
motor flux over a wide speed range[J]. IEEE Trans on
Power Electronics, 1998, 13(5): 969-977.

(TAEsmH: FhEr)



